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We report here that in three preaxial polydactylous mutants in the mouse, namely, lst, lx, and Xpl, ectopic expression of
the Shh and Fgf-4 genes can be detected at the anterior margin of limb buds. These and three other mutants, namely,
Rim4, Hx, and XtJ, which we described in our previous study, all appeared to form a duplicated zone of polarizing activity
(ZPA) at the anterior margin of the limb bud. We studied the spatial and temporal pattern of expression of the Gli3 gene,
which is affected in a loss-of-function type of mutation, XtJ. The expression domain of Gli3 appeared to be complementary
to the ZPA region and the gene was expressed prior to Shh. The results support the hypothesis that GLI3 functions in the
anterior portion of limb mesoderm to suppress the expression of Shh. In Drosophila, the gene ci, the ¯y homologue of Gli,
functions to repress hh, suggesting that the negative regulation of the expression of hedgehog by genes belonging to the
GLI-kruppel family has been conserved from ¯ies to mice. Finally, we found that the polydactylous phenotype of the
mutants Rim4, Xt, lst, and lx could be abrogated by the crossing with an inbred strain derived from wild mouse, MSM,
whereas the phenotype of Xpl could not. These results indicate the presence of a modi®er gene(s) that can in¯uence the
mutant phenotype and also that the mutations could be classi®ed into two categories with regard to the mode of interaction
with the modi®er gene(s). Thus, this study revealed a multigenic control in the establishment of the anteroposterior axis
in mouse limb development. q 1997 Academic Press
INTRODUCTION by a positive feedback loop between the ZPA and the poste-
rior portion of the AER, and the expression of Shh and Fgf-
Limb development has provided one of the better model 4 is coordinately regulated by this positive feedback (Laufer
systems for studies of vertebrate morphogenesis. Grafting et al., 1994; Niswander et al., 1994).
analysis in chick embryos has revealed that pattern forma- It was reported recently that FGF-8 acts as an endoge-
tion along the anteroposterior and proximodistal axes is nous inducer of limb buds in the chick. FGF-8, expressed
controlled by two signaling centers. Positional signaling in the nephrogenic component of the intermediate meso-
along the anteroposterior axis of the developing vertebrate derm in the prospective limb ®eld, induces expression of
limb is provided by the zone of polarizing activity (ZPA), Fgf-8 in the overlying surface ectoderm. Then FGF-8 in
which is located at the posterior margin (Saunders and Gas- the surface ectoderm of the limb ®eld (or AER) initiates
seling, 1968; Tickle, 1981). Pattern formation along the the outgrowth of a limb bud and probably induces the
proximodistal axis is controlled by signals from the apical expression of Shh in the mesenchymal cells in the limb
ectodermal ridge (AER). Sonic hedgehog (Shh), a homologue bud. In the normal development of a limb, Fgf-8 is ex-
of the segment polarity gene hedgehog in Drosophila, medi- pressed in the entire AER, but Shh is expressed only in
ates activity of the ZPA (Echelard et al., 1993; Riddle et al., the mesenchymal cells at the posterior margin of the limb
1993). Some members of the ®broblast growth factor (FGF) bud. Regardless of whether FGF-8 is involved in activa-
family, expressed in the AER, can functionally replace the tion of Shh, there must exist some genetic pathway(s) for
AER (Niswander et al., 1993; Fallon et al., 1994). Polarizing the exclusive localization of the expression of Shh to the
posterior margin of the limb bud. However, regulation ofactivity in the posterior mesenchymal cells is maintained
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the polarized expression of Shh in the limb bud is poorly gene(s) in the MSM strain. From these results, we propose
the possibility that a genetic pathway(s) functions in theunderstood.
A network of interactions among the products of nu- negative regulation of expression of Shh at the anterior
margin in developing limb bud.merous genes is probably responsible for morphogenesis
in limb buds. An analysis of mutants in which such genes
are affected is obviously critical if we are to identify the
essential roles of the various genes. Mating experiments
between different mutants with similar phenotypes pro- MATERIALS AND METHODS
vide information about the interactions among genes that
are involved in morphogenesis. Although such genetic
studies have been very successful in the fruit¯y, fewer Mice
studies have been performed in house mouse, Mus muscu-
lus. There are many mutants with preaxial polydactyly The following mouse mutants with preaxial polydactyly were
in mice. We reported previously that an ectopic ZPA was used in this study.
formed at the anterior margin of a limb bud in three pre- lst mice. B6C3-a/a-lstJ mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). lst has been mapped to chromosomeaxial polydactyly mutants, namely, Recombination in-
2. Heterozygotes of lst exhibit preaxial polydactyly and hyperpha-duced mutant 4 (Rim4), Hemimelic extra toes (Hx), and
langy in hindlimbs and, very rarely, in the forelimbs. Homozygotesextra-toes-Jackson (XtJ).
show preaxial polydactyly and hyperphalangy in all four limbs andIn this study, we ®rst examined whether an ectopic ZPA
malformation of the radius and tibia. Reduction in the size of theis generally formed in preaxial polydactyly mutants in mice.
pubis, modi®cations of the skull, and a posterior shift of the umbili-
We studied the pattern of expression of the Shh and Fgf-4 cus are sometimes observed (Forsthoefel, 1962). For whole-mount
genes in three additional mutant mice with mirror-image in situ hybridization, embryos were obtained from the intercross
duplication of digits, namely, Strong's luxoid (lst), luxate of (B6C3-a/a-lstJ// 1 NZB).
(lx), and X-linked polydactyly (Xpl), and our results demon- lx mice. C57BL6/J-lx//-KitW0v mice were purchased from The
strate that ectopic expression of these genes is a general Jackson Laboratory. lx has been mapped to chromosome 5 (Lane,
1967). To maintain lx mutant mice, heterozygotes were back-phenomenon in mutants with preaxial polydactyly.
crossed into C57BL6/J. Heterozygotes with this mutation exhibitOne of the mutants, XtJ, is known to be a loss-of-function
preaxial polydactyly and hyperphalangy in hindlimbs. Homozy-mutant. The mutation is caused by a 30-kb deletion that
gotes show reduction in the size of the tibia, loss of part of theincludes the region that encodes the DNA-binding domain
femur and pubis, and sacralization of the 26th vertebra. Anomaliesof the product of the Gli3 gene for GLI-kruppel family mem-
of the urogenital system, including horseshoe kidney, hydronephro-
ber 3 (Fig. 2). Thus, Gli3 seems to be involved in a genetic sis, and hydroureter, are also observed. Forelimbs of lx are unaf-
pathway that suppresses polarizing activity in the anterior fected (Carter, 1951, 1953). For whole-mount in situ hybridization,
portion of the limb bud and localizes the ZPA at the poste- embryos of lx mice were obtained from a cross between heterozy-
rior margin in the limb bud (Masuya et al., 1995). We carried gous females and homozygous males.
out further analysis of the pattern of expression of the Gli3 Xpl mice. C57BL/6J-Xpl// and C57BL/6J-Xpl/Y mice were pur-
chased from The Jackson Laboratory. Xpl was mapped to the distalgene in limb development. Here, we present data in support
end of chromosome X (Lane and Davisson, 1990; Sweet and Lane,of the hypothesis that localization of the expression of Shh
1980). To maintain Xpl mutant mice, heterozygous females wereis under a negative regulatory control in which the Gli3
backcrossed to C57BL6/J male mice. Xpl is a dominant mutationgene is a participant and, moreover, that many genes in
that is manifested as preaxial polydactyly and malformation of thewhich mutations induce polydactyly are involved in this
tibia. Homozygous and heterozygous females are not distinguish-
regulation. able on the basis of their phenotype. Hemizygous males sometimes
It is well documented that a mutant phenotype depends show hydronephrosis and missing kidneys. For whole-mount in
not only on the genotype at the mutated locus but also situ hybridization, embryos were obtained from a cross between
on the genotypes at other loci that are unlinked to the hemizygous males and heterozygous females generated from the
mutant gene. This fact, known as the genetic background cross of C57BL6/J-Xpl// with NZB.
Rim4 and Xt mice. Rim4 and Xt are preaxial polydactyly mu-effect, indicates that there is a second gene, called a mod-
tants. The mutations have been mapped to chromosome 6, 5, andi®er, that interacts with the mutant gene and that such
13. Details of these three mutants have been described elsewherea gene is polymorphic among inbred strains. In this study,
(Masuya et al., 1995). C3HeB-Eso/Eso-XtJ//, purchased from Thewhen we crossed the various mutants with an inbred
Jackson Laboratory, was backcrossed to C57BL10/J for seven gener-strain, MSM, derived from Japanese wild mice, we found
ations, and the offspring are designated C57BL/10J-XtJ// in thisthat the polydactylous phenotype of these mutants
report.
changed dramatically, ranging from the normal pheno- MSM strain. MSM is an inbred strain that was established at
type of the wild type to the phenotype observed in the the National Institute of Genetics (NIG) (Mishima, Japan). It was
original mutant stocks. The results indicated that the ®ve derived from the Japanese wild mouse, Mus musculus molossinus
mutant genes could be classi®ed into two groups with (Katoh et al., 1994; Festing, 1996). This strain has been maintained
by sister±brother mating at NIG.respect to the mode of interaction with the modi®er
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three mutants exhibit hyperphalangy and reduction in the
size of the tibia. The second and third tarsal bones of these
mutants often show mirror-image duplication (Fig. 1). To
examine whether the preaxial polydactyly in lst, lx, and Xpl
mutants is caused by ectopic ZPA activity at the anterior
region of the limb bud, as is the case in the Rim4, Hx, and
XtJ mutants, we performed whole-mount in situ hybridiza-
tion using 12.5-day embryos and riboprobes for the Shh and
Fgf-4 genes.
We detected the ectopic expression of Shh in the mesen-
chyme at the anterior margin of limb buds and of Fgf-4 in
the anterior portion of the AER in embryos generated from
the intercross between heterozygotes of lst and Xpl and in
embryos from the cross between homozygotes and the het-
erozygotes of lx (Table 1 and Fig. 1).
Expression of Gli3 in Early Limb Development inFIG. 2. Alteration in the Gli3 gene and ectopic expression of the
Shh gene in mice with the XtJ mutation. (A) Schematic illustration the Region Complementary to the ZPA
of the GLI3 protein and the structure of the Gli3 gene in XtJ mu-
We previously reported the ectopic expression of Shhtants. The deletion of the Gli3 gene includes the region that en-
at the anterior margin of limb buds in the XtJ mutantcodes the zinc-®nger domain and its ¯anking 3* region. The 5* end
(Masuya et al., 1995; Fig. 2B). To analyze the function inof the deletion is located in the intron within the region that en-
limb morphogenesis of the Gli3 gene, which is affectedcodes the zinc-®nger domain. The 3* end was not determined, but
the deletion spans at least 30 kb. In XtJ homozygotes, no fragments in this mutant, we examined the localization of Gli3 tran-
of Gli3 transcripts were detected, suggesting that the 3* region is scripts during limb development with whole-mount in
responsible for the stability of the Gli3 transcript (Hui and Joyner, situ hybridization.
1993). (B) Ectopic expression of Shh in the mesenchymal cells at From stage 1 to stage 3 (from 10.5 to 11.5 days) of mouse
the anterior margin of a limb bud of an XtJ homozygote. A close- limb development (Wanek et al., 1989), Gli3 was expressed
up view of after whole-mount in situ hybridization of the left fore-
in the entire limb bud mesenchyme with the exception oflimb bud at 12.5 days is shown. Arrow indicates Shh ectopic expres-
the posterior margin. This expression domain was comple-sion.
mentary to the ZPA region and, therefore, we characterized
the temporal pattern of expression of the Gli3 gene in a
comparison with that of the expression of Shh at different
T3 polymerase (Echelard et al., 1993) and the probe for Fgf-4 was
stages of limb development (Fig. 3).transcribed from a 620-bp fragment by T3 polymerase (Niswander
Before the beginning of limb outgrowth, Gli3 was alreadyand Martin, 1992). The probe for Gli3 was transcribed from 0.8 kb
expressed in the mesenchyme of the anterior portion of thepartial cDNA clone (p Gli3a) by T7 polymerase (Hui and Joyner,
future limb ®eld, which is not the presumptive ZPA region,1993).
at 10.5 days in the case of hindlimbs. The expression of
Crosses of Polydactylous Mutants with the MSM Gli3 lasted through stages 1 to 3 in the mesenchyme of
Strain the anterior portion of the limb bud. At these stages, the
expression of Gli3 was strongest at the anterior margin ofEach of the six polydactylous mutants was crossed with the
MSM strain to examine resultant modi®cations of the polydac- the limb bud and became weaker toward the boundary of
tylous phenotype. Mutants that were heterozygous for the muta- the ZPA region. At stage 2 (at 11 days), the expression of Shh
tion, namely, C57BL10/J-Rim4//, C57BL/10J-Xt//, B6C3-a/a-lstJ/ began at the posterior margin of the limb bud mesenchyme,/, and C57BL/6J-Xpl//, were crossed with the MSM strain. As following the expression of Gli3. In these stages the domain
controls for our mating experiments, the following crosses were in which Gli3 was not expressed seemed to be broader than
made: C57BL/10J-Rim4// 1 C57BL/10J, C57BL/10J-XtJ// 1
the domain in which Shh was expressed (compare Figs. 3BC57BL/10J, C57BL/6J-lstJ// 1 C57BL/6J, and C57BL/6J-Xpl// 1
to G, C to H, L to P).C57BL/6J.
At stages 4 and 5 (from 11.5 to 12.5 days), expression of
Gli3 faded toward the posterior side of the limb buds, whileRESULTS
the expression of Shh became prominent. At stages 6 and
Ectopic Expression of the Shh and Fgf-4 Genes at 7 (at 12.5 days), the expression of Gli3 began again became
the Anterior Margin of Limb Buds in Three recognizable in the mesenchyme on the outside of the me-
Mutants, lst, lx, and Xpl sodermal condensation of future limb bones, in a region
known as the interdigital region, whereas the expression ofThe polydactylous phenotype of lst, lx, and Xpl mutants
resembles that of Rim4, Hx, and XtJ mutants. The former Shh faded toward the posterior margin.
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TABLE 1 morphism in any DNA markers around the mutant loci
Number of Embryos with Ectopic Expression of Shh and Fgf-4 in between mutant alleles and wild-type alleles in original
Hindlimbs of Preaxial Polycactylous Mutants mutant stocks. The mean litter sizes were almost the same
in the crosses with C57BL-related strains and with MSMEmbryos with ectopic expression at the anterior margin
(data not shown). This indicates that the absence of miceof limb bud/embryos observed
with polydactylous phenotype was not due to embryonic
(lst// 1 lst//)F1 (lx// 1 lx/lx)F1 (Xpl// 1 Xpl/Y)F1 lethality in the heterozygous progeny of each mutants.
Cross: Shh Fgf-4 Shh Fgf-4 Shh Fgf-4 The phenotype of C57BL/6J-Xpl//mice resembled those of
mice that were homozygous for Rim4, lst, and lx, namely,
4/9 4/7 5/18 12/13 13/20 1/1
reduction of tibia. When Xpl was crossed with the MSM
strain, the resultant F1 mice had severe polydactylous pheno-
types at almost the same frequency as in the control crosses.
Modi®cation of the Polydactylous Mutant The Expression of Gli3 Was Unchanged in Rim4
Phenotype in Crosses with MSM, an Inbred Strain Mutant Mouse
Derived from the Japanese Wild Mouse
The phenotype of mice homozygous for XtJ resembles
In a previous study aimed at gene mapping of Rim4, we those of mice homozygous for Rim4 and lst. If wild-type
crossed Rim4 heterozygotes with an inbred strain, MSM. genes at the latter three mutant loci function in the same
We noted that the mutant phenotype of the F1 mice that genetic pathway that involves Gli3 gene, and if these genes
were heterozygous for Rim4 was no longer evident and that are upstream of Gli3, the pattern of expression of Gli3 is
the frequency of progeny with the Rim4 phenotype was expected to be changed in the mutant embryos. To test
reduced to 0% (Table 2). This observation indicated that this, we examined the expression of Gli3 in mouse embryos
MSM carries the modi®er gene(s) that suppresses the mu- homozygous for Rim4 at 11 days (Fig. 4) and at 12 days
tant phenotype. (data not shown). The pattern of the expression of Gli3 in
To investigate whether the modi®er gene(s) affects the homozygotes of Rim4 embryos was unchanged in a compar-
phenotype of mice with other polydactylous mutations, we ison with that in wild-type embryos in both hindlimbs and
crossed heterozygotes of XtJ, lst, and Xpl with the MSM forelimbs (not shown). Likewise, the expression of Gli3 was
strain. The mutants were also crossed with C57BL-related unchanged in embryos generated from the intercross be-
inbred strains (see Materials and Methods) (Table 2). In tween heterozygotes of lst with a wild-type mouse (data not
these control crosses, the mice that were heterozygous for shown).
the various mutations expressed the polydactylous pheno-
type with the same penetrance as that observed in the origi-
DISCUSSIONnal mutant stock.
When lst and lx mice were crossed with the MSM strain,
Polydactylous Mutants Form an Ectopic ZPA at thenone of the F1 progeny exhibited the polydactylous pheno-
Anterior Margin of the Limb Budtype (Table 1), as was shown in the cross between Rim4
and the MSM strain. In these crosses, the genotype of the Preaxial polydactyly, which causes an extra digit(s) beside
digit 1, is one of the major congenital abnormalities in limbprogeny was not de®ned, because we could not ®nd poly-
TABLE 2
Modi®cation of the Polydactylous Phenotype of Mutants after Crosses with the MSM Strain
Frequency of polydactylous phenotype or tibial abnormality
Crossed with the C57BL-derived original strain Crossed with the MSM strain
Mutant Polydactylousa Abnorm. tibia/polydacb Polydactylousa Abnorm. tibia/polydacb
Rim4 35.2% (43/122) 0% (0/122) 0% (0/63) 0% (0/63)
Xt 42.3% (30/71) 0% (0/71) 0% (0/46) 0% (0/46)
lst 35.6% (90/253) 0% (0/253) 0% (0/154) 0% (0/154)
lx 28.9% (48/167) 0% (0/167) 0% (0/70) 0% (0/70)
Xpl 48.4% (59/122) 25.4% (17/67) 46.2% (60/130) 30.6% (11/36)
a Frequency of the polydactylous phenotype (polydactylous progeny/all progeny).
b Frequency of tibial abnormality (progeny exhibiting tibial abnormality/polydactylous progeny).
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TABLE 3morphogenesis in vertebrate tetrapods. In mice, more than
Classi®cation of Polydactylous Mutants15 mutants with preaxial polydactyly have been reported,
and the mutations have been mapped to different chromo-
Affected limbsomes.
A previous study (Masuya et al., 1995) and this study Forelimb and hindlimb Hindlimb only
revealed the ectopic expression of Shh and Fgf-4 at the
Modi®ed by theanterior margins of limb buds in all six types of preaxial
MSM background Rim4 lxpolydactyly mutant. The mutant mice exhibited common
Xtphenotypical features, namely, hyperphalangy of extra
lstdigits associated with mirror-image duplication along the
Not modi®ed by theanteroposterior axis of limb, as well as preaxial polydac-
MSM background Xpl
tyly. It has been reported that the anterior margin of the
limb bud in lst mutant mice induced the mirror-image
duplication of digits when it was grafted to a chick limb
bud (Chan et al., 1995). Thus, it is clear that these mu-
tants form an ectopic ZPA at the anterior margin of the It has been reported that mesenchymal cells in the ante-
rior limb bud of the chick have the potential to behavelimb bud and that the mutated genes are involved in the
localization of the ZPA in the developing limb bud. as a ZPA when they are cultured under microdissociation
conditions or when they are freed from the in¯uence of the
AER by removal of the AER in vivo (Anderson et al., 1994).
The Role of the Gli3 Gene in Limb Morphogenesis The conversion of cells at the anterior margin to cells with
polarizing activity has also been achieved by exposing themAt present, very little is known about the determinants
of anteroposterior positional information, which localize the to retinoic acid (Noji et al., 1991; Tamura et al., 1993; Tickle
et al., 1982; Wanek et al., 1991). It seems likely that theseexpression of Shh to the posterior margin of the limb bud.
Gli3, the affected gene in Xt mutants, has been reported manipulations disrupt the negative regulatory system and
lead to ectopic expression of Shh in the posterior margin ofto be expressed in developing limbs, in the craniofacial re-
gion, and in the brain (Hui and Joyner, 1993, 1994; Schim- the limb bud.
Injection of 5-¯uorouracil, an inhibitor of functional tran-mang et al., 1992, 1993). In this study, we examined the
spatial and temporal patterns of expression of the Gli3 gene scription, into pregnant mice at 10 days of gestation, the
stage at which limb buds form, induces preaxial polydactylyin early limb development. Gli3 transcripts were localized
to mesenchymal cells in the anterior region of forelimb and in wild-type mice (Dagg et al., 1966; Dagg, 1967). Moreover,
higher doses of 5-¯uorouracil result in reduction in the sizehindlimb buds of wild-type mice, and this region is comple-
mentary to the expression domain of the Shh gene. This of the tibia, a feature that is typical of mice homozygous
for some polydactylous mutations. These phenotypes arestudy also indicated that the expression of Gli3 occurs prior
to that of Shh at the posterior margin in early limb develop- very similar to those observed in mouse mutants with an
ectopic ZPA at the anterior margin of the limb bud. Injec-ment (up to stage 4). Because XtJ is a mutation of loss-
of-function type, our results support the hypothesis that a tion of 5-¯uorouracil also intensi®es the severity of the
phenotype of mice that are heterozygous for a preaxial poly-negative regulatory system functions to polarize the expres-
sion of Shh at the posterior margin of the limb bud and that dactyly mutation such as luxoid (lu) or lx. The phenotype
found after injection of 5-¯uorouracil might be caused byGli3 is involved in this negative regulation (Fig. 5A).
In Drosophila, the gene cubitus interruptus (ci), which dysfunction of genes that are expressed at the anterior mar-
gin of the limb bud and that normally participate in theencodes the ¯y homologue of a zinc-®nger protein of the
vertebrate GLI-kruppel family, plays a key role in hedgehog negative regulation of the expression of Shh. If this is the
case, one can predict that genes that are expressed around(hh) signaling. Development of Drosophila limb is orga-
nized by interaction between anterior and posterior com- 10 days of gestation are essential for suppression of the
expression of Shh. It is noteworthy that Gli3 is indeed ex-partment cells in the imaginal disc. Posterior cells express
hh and engrailed (en), while anterior cells express ci pressed around this stage. The nonmutated forms of the
Rim4, Hx, lst, lx, and lu genes could be involved in this(Schwartz et al., 1995). It was recently reported that anterior
cells lacking ci express hh and adopt posterior properties negative regulation.
It was reported that the localization of the expression ofwithout expressing en (Dominguez et al., 1996). This clearly
indicates that ci functions to repress hh transcription in Shh at the posterior margin of the limb bud is controlled
through positive regulation by Hoxb8 (ChariteÂ et al., 1994)anterior compartment cells in addition to mediating hh sig-
naling. Thus, the present study suggests that negative regu- since ectopic expression of Hoxb8 in transgenic mice in-
duced the expression of Shh at the anterior margins of fore-lation of the expression of hedgehog by a zinc-®nger protein
that belongs to the GLI-kruppel family has been conserved limb buds and resulted in mirror-image duplication of the
forelimbs. However, it is also possible that expression offrom ¯ies to mice (Fig. 5B).
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FIG. 3. Patterns of expression of Gli3 and Shh genes in developing limb buds of wild-type embryos. Dorsal views of whole-mount in
situ hybridization of the forelimb (A±J) and hindlimb (K±R) buds at stage 0 (before limb outgrowth, K and O), stage 1 (A and F), stage 2
(B, G, L and P), stage 3 (C and H), stage 4 (M and Q), stage 5 (D and I), stage 7 (N and R), and stage 8 (E and J; embryos at 10±13.0 days)
are shown. Hybridizations were performed with riboprobes for Gli3 (A±E and K±N) and for Shh (F±N and O±R). The Gli3 transcript was
detected in limb mesenchyme in the anterior region from stages 0 to 6 and after stage 7 in the interdigital regions. Shh was expressed in
the mesenchymal cells in which Gli3 has not been expressed at the preceding stage, at the posterior margin of the limb bud. Expression
of Shh faded toward the posterior margin after stage 6.
Hoxb8 in the anterior portion of the limb bud might turn off tion of expression of Shh. The level of Gli3 transcripts might
be important for the suppression of Shh since the ectopicthe expression of the genes that are involved in the negative
regulation to allow ectopic expression of Shh. expression of Shh is undetectable in mice that are heterozy-
gous for XtJ but homozygous.In XtJ mutant mice, ectopic expression of Shh is restricted
to the anterior margin of the limb bud, while Gli3 is ex- As limb development proceeds, expression of Gli3 fades
at stage 5 and appears again in the region outside the meso-pressed over a wide region that is complementary to the
ZPA. These observations suggest that a distinct gene(s) dermal condensation at stage 6. Later expression is con®ned
to the interzonal mesenchyme, a specialized mesodermalmight play some role in the middle portion of the limb bud
to suppress expression of Shh. Alternatively, both ends of condensation that eventually gives rise to the joints (Hui
and Joyner, 1993). The pattern of expression of Gli3 at laterthe limb bud might be supersensitive to the signal for initia-
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polydactyly and reduction of the tibia or radius. The do-
mains affected by both abnormalities are restricted to the
anterior region of the limb where positional information is
likely to be disturbed by an ectopic ZPA. These mutants
have never shown tibial reduction in the absence of polydac-
tyly. Conversely, tibial reduction is always associated with
severe polydactyly, including a missing digit 1, as observed
in mice that are homozygous for Rim4, Xt, lst, and lx. In
Rim4, the level of expression of Shh at the anterior margin
FIG. 4. Pattern of expression of Gli3 in the embryo of Rim4 mu-
tant mouse. Dorsal view of whole-mount in situ hybridization of
hindlimbs of embryo of a wild-type (A) and a homozygote of Rim4
at 11 days. No gross alteration of distribution of Gli3 transcript
was observed.
stages is unrelated to the spatial localization of expression
of Shh. The fading of expression of Gli3 at stage 5 might
re¯ect the change in the regulation of expression of this
gene, which is associated with a new role for GLI3 at the
later stages of limb development.
Classi®cation of Preaxial Polydactyly Mutants
According to Interactions with the Modi®er
Gene(s) of the MSM Strain
An inbred strain, MSM, was established from the Japanese
wild mouse M. musculus molossinus, which is genetically
very remote from the standard laboratory strains that have
mainly been established from the European wild mouse, M.
musculus domesticus. Therefore, unique polymorphisms in
genes that are involved in morphogenesis during limb devel-
FIG. 5. A model for the polarized expression of Shh in the devel-
opment might be expected in the MSM strain, which are oping limb bud. (A) At an early stage of limb outgrowth, the signal
never seen in the standard laboratory strains. In this study, for inducing expression of Shh is transmitted from the entire AER,
we attempted to classify the polydactylous mutations with and FGF-8 (leftward arrows) is a possible candidate for this signal.
respect to the mode of modi®cation of the phenotype after In the anterior region of the limb bud mesenchyme, which is lightly
shadowed, expression of Shh is suppressed by a negative regulatorycrosses with the MSM strain.
system. Many genes, including Gli3, participate in this regulation.The six polydactyly mutations examined in our studies
By contrast, in the posterior region of the limb bud, these genescan be divided into two groups according to whether they
are not functional, and Shh is expressed at the next stage. (B) Aaffect the forelimb or the hindlimb. The ®rst group, which
conserved genetical pathway in which a transcriptional factor ofincludes lx and Xpl, affects hindlimbs only. The second
the GLI-kruppel family downregulates the expression of hedgehoggroup affects both forelimbs and hindlimbs, and it includes
genes, functioning to establish the anteroposterior axis of wing in
Rim4, Hx, Xt, and lst. In this study, we attempted to classify ¯y (left) and of limb in mouse (right). In Drosophila, ci is expressed
the ®ve polydactylous mutations with respect to the mode in the anterior compartment cells of the imaginal disc and sup-
of modi®cation of the phenotype after crosses with the presses the transcription of hh. This negative regulation is con-
MSM strain. served in development of mouse limb. Gli3 is expressed in the
anterior region of limb bud and suppresses the expression of Shh.The ®ve mutants have two modes of phenotype: preaxial
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
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Chan, D. C., Laufer, E., Tabin, C., and Leder, P. (1995). Polydac-of the limb bud is closely correlated with the severity of
tylous limbs in Strong's Luxoid mice result from ectopic polariz-the polydactylous phenotype (Masuya et al., 1995). All these
ing activity. Development 121, 1971±1978.observations indicate that reduction of the tibia or radius
ChariteÂ , J., Guaaff, W., Shen, S., and Deschamps, J. (1994). Ectopicis a severe manifestation of the polydactylous phenotype.
expression of Hoxb-8 causes duplication of the ZPA in the fore-We found that the phenotypes of four polydactylous mu-
limb and homeotic transformation of axial structures. Cell 78,
tants, Rim4, XtJ, lst, and lx, were clearly modi®ed when 589±601.
mutants were crossed with the MSM strain. By contrast, Dagg, C. P. (1967). Combined action of ¯uorouracil and two mutant
the phenotype of Xpl was unaffected at all by this cross. In genes on limb development in the mouse. J. Exp. Zool. 164, 479±
conjunction with the speci®city of whether the mutations 490.
affect fore-, hind-, or both limbs, we can classify ®ve mutant Dagg, C. P., Schlager, G., and Doerr, A. (1966). Polygenic control
of the teratogenicity of 5-¯uorouracil in mice. Genetics 53, 1101±genes affecting polarization of the ZPA into three types
1117.(Table 3). These ®ve genes, except for Xpl, function in semi-
Dominguez, M., Brunner, M., Hafen, E., and Basler, K. (1996). Send-dominant manner like XtJ, which is loss of function of Gli3.
ing and receiving the hedgehog signal: Control by the DrosophilaSince the pattern of expression of Gli3 is not affected in
Gli protein Cubitus inturuptus. Science 272, 1621±1625.Rim4 and lst, it is possible that Rim4 and lst disturb the
Echelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J.,gene function downstream of Gli3. At present, it is not clear
McMahon, J. A., and McMahon, A. (1993). Sonic hedgehog, a
whether the mutations Rim4, lst, lx, and Xpl are of loss-of- member of a family of putative signaling molecules, is implicated
function type or gain-of-function type. After the type of in the regulation of CNS polarity. Cell 75, 1417±1430.
these mutations is determined, whether the wild-type genes Fallon, J. F., Lopez, A., Ros, M. A., Savage, M. P., Olwin, B. B., and
of these four mutants are involved in the genetic pathway Simandl, B. K. (1994). FGF-2: Apical ectodermal ridge growth sig-
to suppress the expression of Shh at the anterior region of nal for chick limb development. Science 264, 104 ±107.
Festing, M. F. W. (1996). Origins and characteristics of inbredlimb bud will be revealed.
strains of mice. In ``Genetic Variants and Strains of the Labora-Results of a preliminary experiment suggest that the
tory Mouse'' (M. F. Lyon, S. Rastan, and S. D. M. Brown, Eds.),gene(s) in the MSM strain that modi®es the polydactylous
Vol. 2, pp. 1537±1577. Oxford Univ. Press, New York.phenotype associated with the Rim4 mutation can be
Forsthoefel, P. F. (1962). Genetics and manifold effects of Strong'smapped to one or two chromosomes (unpublished data).
luxoid gene in mouse, including its interactions with Green's
Further analysis using a genetic approach may help us clar- luxoid and Carter's luxate genes. J. Morphol. 110, 391±420.
ify the presence of the genetic pathway and the hierarchy Hui, C. C., and Joyner, A. L. (1993). A mouse model of Greig cepha-
of genes in the pathway that represses the expression of Shh lopolysyndactyly syndrome: The extra-toesJ mutation contains
and polarizes the activity of the ZPA at the posterior margin an intragenic deletion of the Gli3 gene. Nature Genet. 3, 241±
of limb bud. 246.
Hui, C. C., Slusarski, D., Platt, K. A., Holmgren, R., and Joyner,
A. L. (1994). Expression of three mouse homologs of the Drosoph-
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